Abstract. The interaction between the host and human cytomegalovirus (HCMV) is important in determining the outcome of a viral infection. The HCMV RL13 gene product exerts independent, inhibitory effects on viral growth in fibroblasts and epithelial cells. At present, there are few reports on the interactions between the HCMV RL13 protein and human host proteins. The present study provided direct evidence for the specific interaction between HCMV RL13 and host nucleoside diphosphate linked moiety X (nudix)-type motif 14 (NUDT14), a UDP-glucose pyrophosphatase, using two-hybrid screening, an in vitro glutathione S-transferase pull-down assay, and co-immunoprecipitation in human embryonic kidney HEK293 cells. Additionally, the RL13 protein was shown to co-localize with the NUDT14 protein in the HEK293 cell membrane and cytoplasm, demonstrated using fluorescence confocal microscopy. Decreasing the expression level of NUDT14 via NUDT14-specific small interfering RNAs increased the number of viral DNA copies in the HCMV-infected cells. However, the overexpression of NUDT14 in a stably expressing cell line did not affect viral DNA levels significantly in the HCMV infected cells. Based on the known functions of NUDT14, the results of the present study suggested that the interaction between the RL13 protein and NUDT14 protein may be involved in HCMV DNA replication, and that NUDT14 may offer potential in the modulation of viral infection.
Introduction
One of the most ubiquitous and important pathogens worldwide is human cytomegalovirus (HCMV) (1) (2) (3) (4) . HCMV can cause serious diseases in specific groups of individuals, including those with compromised immunity and neonates. The viral infection may lead to congenital malformations in newborns and multi-organ involvement in patients with reduced immunity, with a wide range of cell tropism in HCMV infection (5) (6) (7) .
The HCMV genome is ~230 kb long and comprises 165 open reading frames in clinical strains (8) . The HCMV RL13 open reading frame is commonly 909 bp in length in Han clinical strains, one of the RL11 gene families reported in our previous study (9) . HCMV RL13 encodes a virion envelope glycoprotein, which locates spatially on the outer surface of the viral envelope (10, 11) . The inhibitory effects of RL13 have been shown with clinical isolates, as well as with the bacterial artificial chromosome-cloned genome in fibroblasts and epithelial cells (10, 11) . A previous study reported that RL13-encoded protein can bind human IgG and may contribute to HCMV immune evasion (12) . Thus, more detailed investigations are required to determine the mechanism by which RL13 potentially targets unknown host proteins involved in viral replication.
The present study aimed to characterize the interaction and co-localization of RLI3 and nucleoside diphosphate linked moiety X (nudix)-type motif 14 (NUDT14) and provide evidence that this interaction may be involved in HCMV DNA replication. This may elucidate the molecular mechanisms underlying HCMV diseases and aid in indicating an appropriate target for effective therapeutic agents. A GST-pull-down experiment was performed, according to the manufacturer's protocol (MagneGST™ Pull-Down System; Promega Corporation). The c-Myc-labeled RL13 (c-Myc-RL13) was expressed from pGBKT7-RL13 in a quick-coupled transcription/translation reaction (TNT) T7 Quick Reaction (14) . GST-labeled NUDT14 (GST-NUDT14) was expressed in BL21 (DE3) cells (Tiangen Biotech Co., Ltd., Beijing, China) transfected with pGEX-4T2-NUDT14 and induced with isopropyl β-D-1-thiogalactopyranoside (IPTG; Clontech Laboratories, Inc.). Subsequently, the MagneGST particles were incubated with the reaction products for 30 min at room temperature. As a bait protein, 20 µl of GST-NUDT14 was incubated with 80 µl c-Myc-RL13 for 1.5 h on a rotating platform at room temperature. Following washing with a GST binding/wash buffer (MagneGST™ Pull-Down System) three times, the bound proteins on the MagneGST particles were eluted using elution buffer and solubilized in 2X SDS sample buffer (Beyotime Institute of Biotechnology, Haimen, China). The protein concentration was measured by ultraviolet spectrophotometry as previously described (15) . The binding proteins (20 mg) were loaded in each lane of 12% polyacrylamide gels (SDS-PAGE; Sigma-Aldrich) and the proteins were separated by gel electrophoresis at a constant voltage of 100 V. The separated proteins were transferred electrically onto nitrocellulose membranes (Sigma-Aldrich), and then blocked with 5% bovine serum albumin (BSA; Thermo Fisher Scientific, Inc.) for 2 h. Western blot analyses were performed using monoclonal mouse anti-human antibodies against c-Myc (1:1,000; Thermo Fisher Scientific, Inc.; cat. no. AHO0052) or polyclonal goat anti-human antibodies against GST monoclonal antibodies (1:1,000; Thermo Fisher Scientific, Inc.; cat. no. PA5-18394) incubated overnight at 4˚C and corresponding goat anti-mouse peroxidase-conjugated secondary antibodies (1:2,000; Beyotime Institute of Biotechnology; cat. no. A0216) and rabbit anti-goat peroxidase-conjugated immunoglobulin G (IgG) secondary antibodies (1:2,000; Absin Bioscience, Inc., Shanghai, China; cat. no. abs20005) incubated for 2 h at room temperature. The membranes were then reacted with the chemiluminescent substrate, which was provided in the Western Chemiluminescent Substrate kit (Pierce; Thermo Fisher Scientific, Inc.). Signals were determined using a Molecular Imager ChemiDoc XRS System (Bio-Rad Laboratories, Inc.). In the GST-pull-down assay, parallel experiments were performed in controls containing GST-or myc-tagged protein.
Materials and methods

Cells and virus.
Co-immunoprecipitation analysis. The coding sequence of RL13 in pGBKT7-RL13 was obtained and inserted into the pCMV-myc (Clontech Laboratories, Inc.) between the SfiI and NotI sites, and designated as pCMV-myc-RL13. The coding sequence of NUDT14 in pGEX-4T2-NUDT14 was obtained and cloned into the EcoRI and XhoI sites of pCMV-HA (Clontech Laboratories, Inc.), and designated as pCMV-HA-NUDT14. The constructs were confirmed by gene sequencing (Invitrogen; Thermo Fisher Scientific, Inc.). The plasmids of pCMV-myc-RL13 and pCMV-HA-NUDT14 were transiently co-transfected into HEK293 cells using Lipofectamine 2000, according to the manufacturer's protocol (Invitrogen; Thermo Fisher Scientific, Inc.). The cell lysates were harvested with lysis buffer (M-PER™ Mammalian Protein Extraction Reagent; Thermo Fisher Scientific, Inc.) supplemented with the protease inhibitors contained within the Protein G Immunoprecipitation kit (Promega Corporation). The protein concentration was determined using ultraviolet spectrophotometry (15) . The co-immunoprecipitation analysis was performed, according to the manufacturer's protocols of the ProFound Mammalian c-myc Tag immunoprecipitation (IP)/Co-IP and hemagglutinin (HA) Tag IP/Co-IP kits (Pierce; Thermo Fisher Scientific, Inc.). The binding proteins (20 mg) were loaded in each lane of 12% polyacrylamide gels (SDS-PAGE) and the proteins were separated by gel electrophoresis. The separated proteins were electrotransferred onto nitrocellulose membranes (Sigma-Aldrich, St. Louis, MO, USA), and then blocked with 5% BSA (Thermo Fisher Scientific, Inc.) for 2 h. The expression levels of myc-RL13 and HA-NUDT14 were detected using Western blotting with mouse anti-human against myc or rabbit anti-human polyclonal antibodies against HA (1:100; Thermo Fisher Scientific, Inc., cat. no. 71-5500) incubated overnight at 4˚C and corresponding peroxidase-conjugated goat anti-mouse and goat anti-rabbit (1:2,000; Beyotime Institute of Biotechnology; cat. no. A0208) IgG secondary antibodies incubated at room temperature for 2 h. Imaging was performed using ChemiDoc™ XRS+ (Bio-Rad Laboratories, Inc.) and density analysis was conducted with Image J version 10.2 (National Institutes of Health, Bethesda, MD, USA). Parallel co-immunoprecipitation experiments were performed with specific tagged proteins containing myc or HA.
Cellular localization assay. To establish expression of the RL13 fusion protein with a green fluorescent protein (EGFP) tag, the RL13 coding region was amplified from the HCMV Han strain using the following primers: Forward 5'-CGC TCG AGC CAA TAA CAC GTG CTCC-3' and reverse 5'-CGC GGA TCC TTA GGT TTT AGT CCA-3'. Subsequently, the product was inserted into the pEGFP-C1 (Clontech Laboratories, Inc.) via the XhoI and BamHI sites, yielding pEGFP-C1-RL13. Similarly, the coding sequence of NUDT14 in the NUDT14-containing cDNA clone was fused to the Discosoma sp. red fluorescent protein (DsRed) tag via amplification using PCR with the following primers: Forward 5'-CGG AAT TCC GTG TTG GTG AAG CAG-3' and reverse 5'-CGC GGA TCC GGA GCT ATG CAA GCC-3' , and cloned into the pDsRed-C1 (Clontech) via the EcoRI and BamHI sites, yielding pDsRed-C1-NUDT14. The constructs were confirmed by gene sequencing (Invitrogen; Thermo Fisher Scientific, Inc.).
The HEK293 cells (5x10 6 ) were seeded into a 35 mm confocal microscope dish (Nest Biotechnology Co., Ltd, Jiangsu, China) 24 h prior to transfection. At 75% confluence, the cells were transfected with either 4 µg pEGFP-C1-RL13, 4 µg pDsRed-C1-Nudt14, or a mixture of 2 µg pEGFP-C1-RL13 and 2 µg pDsRed-C1-NUDT14 using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. At 48 h post-transfection, the cells were subjected to DAPI staining (Invitrogen; Thermo Fisher Scientific, Inc.), and the expression levels of EGFP-RL13 and DsRed-NUDT14 were detected using a laser scanning confocal microscope (Nikon Eclipse C1 Plus; Nikon, Tokyo, Japan) with 488 and 543 nm excitation beams, which corresponded to the EGFP-RL13 and DsRed-NUDT14 proteins, respectively.
Stable expression of NUDT14 and transfection of NUDT14-specific small interfering RNA (siRNA) into cells.
To generate a U373MG cell line, which stably expressed NUDT14 (U373-S), the pDsRed-C1-NUDT14 vector and empty vector, pDsRed-C1, were transfected into U373 cells using Lipofectamine ® LTX with Plus™ Reagent, according to the manufacturer's protocol (Invitrogen; Thermo Fisher Scientific, Inc.), yielding U373-S, and its control cell line, U373-C, respectively. At 48 h post-transfection, neomycin (Thermo Fisher Scientific, Inc.) was at a final concentration of 600 µg/ml following mixing with culture medium. Neomycin-resistant cells were screened with neomycin at ~2 weeks (16, 17) . Protein extraction and quantification were performed as described previously. Western blot analysis was used to analyze the expression levels of NUDT14 in the selected cell clones, using rabbit anti-human polyclonal antibodies against NUDT14 (1:1,000; Abcam, Cambridge, MA, USA; cat. no. ab139656) and goat anti-rabbit IgG antibody conjugated with horseradish peroxidase. Equal quantities of sample were detected using western blotting, with antibodies against NUDT14. The antibody was characterized and specific bands for the NUDT14 protein were detected. As an internal control, the expression level of cellular glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was analyzed by western blotting using mouse anti-human monoclonal antibody against GAPDH (1:1,000; Abcam; cat. no. ab9482) and goat anti-mouse antibody conjugated with horseradish peroxidase. The primary antibodies were incubated overnight at 4˚C and the secondary antibodies were incubated for 2 h at room temperature.
The cells (n=1x10 5 ) were cultured and transfected with Silencer ® Select Pre-Designed NUDT14 siRNAs (Ambion; Thermo Fisher Scientific, Inc.) and control siRNA (C-siRNA) (Ambion; Thermo Fisher Scientific, Inc.), respectively, using Lipofectamine RNAiMAX Reagent, according to the manufacturer's protocol (Invitrogen; Thermo Fisher Scientific, Inc.). The antisense sequences of the NUDT14-specific siRNAs were: 5'-UUG AAU AAG AGA ACG GUC Acg-3' (S-siRNA-1) and 5'-AAA GAU GAC GCC GAG GGU Ctt-3' (S-siRNA-2). In each well, 0.5 µl 10 nM siRNA and 3 µl Lipofectamine (Invitrogen, Carlsbad, CA, USA) were diluted separately in 100 µl Opti-MEM (Invitrogen; Thermo Fisher Scientific, Inc.).
Following incubation for 5 min at room temperature, the two solutions were mixed. After 20 min, the mixture was added to the cells. At 10 h post-transfection, the medium containing the siRNA was discarded, and the transfection was repeated once to increase the transfection efficiency and interference efficiency. At 24 h following the secondary transfection, the cells were inoculated with the HCMV Han strain at a multiplicity of infection of one. Total DNAs and proteins were extracted from the infected cells 72 h following infection, and the levels of NUDT14 in the infected cells were determined using Western blot analysis.
Quantitative PCR (qPCR) analysis. In brief, DNA was extracted from the HCMV-infected cells using a TIANamp Genomic DNA kit (Tiangen Biotech Co., Ltd.), according to the manufacturer's protocol. The viral DNAs were amplified and quantified using HCMV UL83-specific primers (forward 5'-GTC AGC GTT CGT GTT TCCCA-3' and reverse 5'-GGG ACA CAA CAC CGT AAAGC-3') and a SYBR Green PCR Master Mix kit (Applied Biosystems; Thermo Fisher Scientific, Inc.) on an ABI Prism 7300 Sequence Detection System (Applied Biosystems; Thermo Fisher Scientific, Inc.). The numbers of viral DNAs were normalized to the numbers of β-actin detected in the same samples (using forward 5'-CGG AAC CGC TCA TTGCC-3' and reverse 5'-ACC CAC ACT GTG CCC ATCTA-3' primers (18) . The reaction mixture for qPCR consisted of 4 µl DNA extract, 12.5 µl Power SYBR Green PCR master mix (Applied Biosystems; Thermo Fisher Scientific, Inc.), 0.5 µl of each primer at 10 µM, and an ABI 7300 device (Applied Biosystems; Thermo Fisher Scientific, Inc.) was used. The amplification conditions were as follows: 95˚C for 10 min, followed by 40 cycles of 95˚C for 15 sec and 60˚C for 1 min.
A modified comparative Cq method (2 -ΔΔCq ) was used for relative quantification of viral DNAs (19) (20) (21) . The ΔCq values (Cq gene -Cq β-Actin ) were calculated, following which the ΔΔCq (ΔCq treated -ΔCq control ) were calculated. The relative numbers of HCMV DNAs were described using the equation 2 -ΔΔCq (22) . The experiments were repeated three times.
Statistical analysis. Statistical significance was analyzed using analysis of variance (ANOVA). P<0.05 was considered to indicate a statistically significant difference. Data are presented as the means ± standard deviation. All statistical analyses were computed using SPSS (Version 13.0; SPSS, Inc., Chicago, IL, USA), and graphs were produced using Gene sequencing results of positive colonies, which were screened in a yeast two-hybrid experiment, were analyzed using the BLAST network server at the national center for biotechnology information ( http://www.ncbi.nlm.gov/blast). A total of 10 homologous genes and the corresponding homology were obtained on comparison with the human genome in the Genebank. Homologous genes were numbered Ⅰ-Ⅹ. GraphPad Prism 5 (GraphPad Software, Inc., San Diego, CA, USA).
Results
Identification of NUDT14 as a candidate binding protein of HCMV RL13 using yeast two-hybrid screening.
The candidate, pACT2-NUDT14, was screened to examine its interaction with RL13. The transformation efficiency was almost 1.1x10 5 cfu/µg, and 14 yeast colonies produced positive results. Sequencing and BLAST analysis indicated that 10 positive candidates interacted with the RL13 protein (Table I) , one of which was 100% identical to that of the human NUDT14 sequence in the National Center for Biotechnology Information (Genbank no. NM177533.3).
Identification of the interaction between HCMV RL13 and host NUDT14 using a GST-pull-down assay.
To further detect the binding between HCMV RL13 and host NUDT14 in vitro, GST-tagged NUDT14 was used as a bait protein and c-Myc-tagged RL13 was used as the prey protein in the GST-pull down assay. As shown in Fig. 1 , a c-Myc-labeled RL13 protein (~34 kDa) was captured, with a GST-tagged NUDT14 protein of ~46 kDa using MagneGST particles, but not with GST alone. These results showed that RL13 had the ability to interact with NUDT14 in vitro.
Determination of the interaction between HCMV RL13
and host NUDT14 by co-immunoprecipitation. To further confirm the interaction between RL13 and NUDT14, a co-IP assay was performed. As shown in Fig. 2 , the c-Myc-labeled RL13 and HA-labeled NUDT14 proteins were assessed in the recovered products following immunoprecipitation with either anti-c-Myc or anti-HA antibodies (lanes 1 and 2, respectively) . The input indicated that the protein levels of c-Myc-labeled RL13 and HA-labeled NUDT14 in the HEK293 cells were detected with anti-c-Myc and anti-HA antibodies, respectively ( Fig. 2; lane 3) . The positive control showed that the target proteins were correct in position and size ( Fig. 2; lane 4) . These results confirmed the interaction between the HCMV RL13 and host NUDT14 proteins in human cells.
RL13 and NUDT14 proteins are co-localized in human cells
by fluorescence confocal microscopy. To determine whether the HCMV RL13 and NUDT14 proteins localized within the same cellular compartment, the HEK293 cells were transfected with pEGFP-RL13 (GFP-RL13), pDsRed-NUDT14 (RFP-NUDT14) or the two plasmids together, in the present study. The resulting merged image represented regions of overlap among the GFP-, RFP-and DAPI-stained images. The GFP-RL13 fusion proteins were localized predominantly in the HEK293 cell membrane and cytoplasm (Fig. 3A) . Similarly, The RFP-NUDT14 fusion proteins were predominantly localized in the HEK293 cell membrane and cytoplasm (Fig. 3B) . The fluorescent-labeled GPF-RL13 and RFP NUDT14 proteins were spatially co-localized and expressed simultaneously in the HEK293 cell membrane and cytoplasm (Fig. 3C) . Furthermore, the results showed that the co-localization of the two proteins had no effects on the distribution of either individually in the uninfected cells.
Effect of NUDT14 protein on HCMV DNA replication.
To investigate the effect of overexpressing NUDT14 on HCMV DNA replication, a stable NUDT14-expressing cell line, U373-S, was constructed. No differences were observed between the stable cell lines and the U373MG cells in growth characteristics or survival. In the stable U373-S cell lines, the protein expression of NUDT14 was five-fold higher than in the U373MG cells and the empty vector-transfected cells (U373-C; Fig. 4A ).
To investigate the effect of underexpressing NUDT14 on HCMV DNA replication, the U373-S cells were transfected with NUDT14-specific siRNA molecules (S-siRNA). Compared to the U373-S cells, the underexpression of NUDT14 mediated by specific siRNA showed no effect on cell growth during the investigation. The results of the Western blotting results showed that the protein expression of NUDT14 in the S-siRNA-1-and S-siRNA-2-transfected cells collected 72 h post-HCMV infection were significantly reduced, by 84.14%, compared with the C-siRNA-transfected cells (Fig. 4A) .
To determine whether changes in the expression of NUDT14 altered HCMV DNA replication, viral DNA copies were detected using qPCR. At 72 h post-infection, no significant difference in the relative copy number of HCMV, namely UL83/β-actin, in the U373-S cells stably expressing NUDT14, relative to those in the U373-C, U373MG and C-siRNA cells. However, following a decrease in the expression of NUDT14, there was a 20-fold increase in the number of HCMV copies in the infected cells treated with the two NUDT14-specific S-siRNA-1 (ANOVA P=0.036) and S-siRNA-2 (ANOVA P=0.002), compared with those in the cells transfected with C-siRNA and the U373-S cells. The fact that the S-siRNA-1 and S-siRNA-2 molecules exhibited the same phenotype indicated that there was no off-target of the siRNAs in the RNA interference experiments (Fig. 4B) . These results suggested that 
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inhibiting the expression of NUDT14 in the HCMV-infected cells increased viral replication.
Discussion
Replication of herpes virus DNA is regarded as a complex and controlled event during lytic infection (23, 24) . Understanding the interaction between the virus and human host is pivotal for clarifying the viral replication mechanism. Stanton et al indicated that RL13 exerted independent, suppressive effects on HCMV growth in fibroblasts, as well as epithelial cells (10, 11) . However, the mechanism remains to be elucidated. In the present study, in order to investigate novel human proteins, which potentially interact with the HCMV RL13 protein for elucidating the viral replication mechanism, a yeast two-hybrid screen was performed. The results showed that RL13 interacted with 10 candidates, one of which was human NUDT14 ( Table I) . As a member of the Nudix hydrolase family, NUDT14 encodes a UDP-glucose pyrophosphatase (UGPPase), which reversibly catalyzes the formation of UDP-glucose and pyrophosphate from UTP and glucose 1-phoshpate in the presence of Mg 2+ (25) . To further identify the potential interaction, a GST pull-down experiment was performed. As shown in Fig. 1 , c-Myc-RL13 was specifically bound to GST-NUDT14 in vitro. To examine the interaction between the RL13 protein and NUDT14 protein in more detail, a co-immunoprecipitation experiment using HEK293 cells was performed. As shown in Fig. 2 , c-Myc-RL13 was specifically immunoprecipitated with HA-NUDT14. To further characterize the interaction, co-localization of these two proteins was confirmed by confocal microscopy analysis. As shown in Fig. 3 , GFP-RL13 and RFP-NUDT14 were spatially co-localized in the HEK293 cells. These results provided precise evidence that the RL13 protein interacted with the NUDT14 protein in mammalian cells. The present study is the first, to the best of our knowledge, to report on the interactions between any HCMV proteins and NUDT14 proteins.
NUDT14 encodes a UGPPase, which belongs to the Nudix hydrolases superfamily with versatile, Mg 2+ -requiring, 'housecleaning' characteristics, and may exert housecleaning functions in eliminating toxic metabolites (26, 27) . It has been reported that UGPPase may function in modulating glycogen metabolism, and may be vital in connecting the gluconeogenic process with other metabolic pathways to meet the physiological and biochemical requirements of the mammalian cell (28) (29) (30) (31) . The results of the present study suggested s specific interaction between NUDT14 and RL13 in the cell membrane and cytoplasm, and further investigations may determine whether this interaction affects HCMV DNA replication, for the development of antiviral strategies to prevent HCMV infection and disease. In reference to the above results, the present study investigated whether the RL13 and NUDT14 proteins are involved in viral replication.
In the present study, the underexpression of NUDT14 by a specific siRNA in HCMV-infected cells resulted in an increase in the level of viral DNA (Fig. 4) . UGPPase may exert a housecleaning role in eliminating toxic metabolites, as a member of the nudix hydrolases (26, 27) . As a specific type of toxic metabolite, HCMV infection may be eliminated by cellular UGPPase. The underexpression of NUDT14 by specific siRNA in HCMV-infected cells may impair housecleaning by NUDT14, which may benefit viral DNA replication.
The present study provided additional evidence that the overexpression of NUDT14 had no significant effects on host cell growth or viral DNA replication in the U373-S cell line. This may be due to the level of endogenous NUDT14 being sufficient to maintain the normal physiological function of cells. This hypothesis requires further experimental verification, as only the interaction between HCMV RL13 and host NUDT14, and the effects of altering the expression of NUDT14 in U373MG cells on viral DNA replication, were confirmed in the present study. Whether changes in the expression of NUDT14 in other HCMV-permissive cells affects viral DNA replication remains to be elucidated.
In conclusion, the present study identified RL13 as a late gene in HCMV lytic infection, shown by its interaction with the host protein, NUDT14, and that inhibition of the expression of cellular NUDT14 increased HCMV DNA replication. These findings assist in beginning to understand the mechanisms of the interaction between the HCMV RL13 protein and the NUDT14 host factor during infection. An improved understanding of the interaction between HCMV RL13 and host proteins may provide insight into the fundamental cellular pathways involved in viral binding and entry in lytic infections.
